Satellite-(MODIS onboard TERRA satellite) measured regional dust distribution has been used in this paper to examine the effect of dust aerosols on top of the atmosphere (TOA) albedo and it was found they have significant impact, especially over deserts, where surface reflection is high. With increasing dust load, TOA albedo was found to decrease significantly and it was observed that over deserts, TOA albedo becomes less than that at the surface (as much as 15% in near infrared) due to absorption by dust. The temporal variations of aerosol properties were examined at three representative locations: northern Africa (10u N-20u N; 20u E-30u E) and Saudi Arabia (19u N-24u N; 53u E-58u E) (both of which are influenced heavily by dust); and southern Africa (10u S-20u S; 20u E30u E) (where the influence of dust is seasonal). Over northern Africa, optical depth was maximum (,0.6) during the June-August period and lower (0.3-0.6) during the rest of the year. The aerosol fine mode fraction (AFMF) was, in general, low (,0.05), except in the June-August period, when the AFMF shot up to 0.4. Over southern Africa, optical depth was maximum (,0.5) during the September-October period, lower (,0.3) in December-March, with the minimum (,0.1) during April-June. The AFMF was, in general, high (,0.9) throughout the year, and minimum (,0.6) during the May-July period. Over Saudi Arabia, optical depths and AFMF showed opposite trends, which is typical of regions influenced heavily by dust. Optical depths as high as ,0.8 (AFMF ,0.3) were observed during June-July. The regional average aerosol radiative forcing at these locations was estimated by integrating the measured (column) aerosol properties (from AERONET) into satellite (MODIS) data and then incorporating them into a radiation model. The radiative forcing at the TOA over northern Africa and Saudi Arabia was in the range of + 2 to + 4 W m 22 , whereas that estimated over southern Africa was in the range of 21 to + 2 W m
. The most prominent example of this transport is the export of desert aerosols from the Sahara (Shaw 1980 . By its omnipresence, the desert aerosol can have a significant impact on atmospheric radiation (Sokolik et al. 1998 . Dust not only scatters but also absorbs solar radiation, and also absorbs and emits outgoing long wave radiation (Tanré and Legrand 1991 , Legrand et al. 2001 . The magnitude, and even the sign, of direct radiative forcing (at TOA) due to dust is uncertain because of the lack of adequate data (Kaufman et al. 1997 , Quijano et al. 2000b , IPCC 2001 , Seinfeld et al. 2004 , Tegen et al. 2004 . It depends on the optical properties of dust, its vertical distribution, cloud cover, and the albedo of the underlying surface (Liao and Seinfeld 1998 , Satheesh and Srinivasan 2002 . Knowledge of spatial and temporal variation of radiative properties of dust is essential to predict accurately its impact on climate.
The question of whether aerosols warm or cool the planet depends on their chemical composition, relative contribution of various chemical species, and the albedo of the underlying surface (Quijano et al. 2000a,b) . Aerosols, which absorb, have a net warming effect (Alpert et al. 1998 , Mohalfi et al. 1998 , Satheesh and Ramanathan 2000 . A completely scattering aerosol increases the value of planetary albedo and hence cools the planet over dark surfaces such as ocean. However, when absorbing aerosols such as dust are prevalent over deserts, aerosol optical depth and chemical composition are not the only determinants of their radiative effects, as the surface reflection is also important (Heintzenberg et al. 1997 . Over bright surfaces such as snow, all types of aerosols warm the planet (Quijano et al. 2000a,b) .
Continuous in situ sampling of dust aerosol is not feasible over desert regions because the number of sites that can be maintained is limited (Holben et al. 1998) . Part of the complexity in estimating dust radiative impact comes from the fact that dust sources and sinks are not uniformly distributed (Tegen et al. 2004) . The spatial and temporal pattern of dust aerosols is complex . Parungo et al. (1987) have shown that dust particles originating from China's desert are coated with sulfates or soot after passing through polluted industrial regions downwind of the desert. In contrast, Saharan dust transported over the Atlantic Ocean is often coated by sea salt. Dust particles internally mixed with soot, sulfates, nitrates, or aqueous solutions have drastically different properties from those that are found at the dust source (Chandra et al. 2004 , Seinfeld et al. 2004 , Deepshikha et al. 2005 . The ability of dust particles to scatter and absorb light can be altered in different ways, depending on which species aggregate with dust particles. Many global models do not accurately simulate regional distribution of dust radiative forcing due to the lack of knowledge of dust radiative properties (Tegen and Fung 1994 , Miller and Tegen 1999 , Gong et al. 2003 , Tanré et al. 2003 , Zender et al. 2003 , Ginoux et al. 2004 , Tegen et al. 2004 . To predict accurately the impact of dust aerosols on climate, it is essential to know the spatial and temporal distribution of dust (Kaufman et al. 1997) . However, regional characteristics of soil dust production, transport, and removal processes are poorly known.
Regional dust distribution obtained from satellite data has been used in this paper to examine the impact of dust aerosols on TOA albedo. The temporal variations of aerosol properties were examined at three representative locations: northern Africa (10u N-20u N; 20u E-30u E); Saudi Arabia (19u N-24u N; 53u E-58u E); and southern 1692 S. K. Satheesh et al.
Africa (10u S-20u S; 20u E-30u E). The regional average aerosol radiative forcing at these locations was estimated by integrating the measured (column) aerosol properties (from AERONET) into satellite (MODIS onboard TERRA satellite) data.
Results and discussion
2.1 Impact of dust on Earth-atmosphere albedo
In figure 1 , we show the effect of different surface types (ocean and land) on the albedo of the Earth-atmosphere based on model simulations using Santa Barbara DISORT atmospheric radiative transfer (SBDART) radiation model. The SBDART is a radiative transfer model designed for the analysis of a wide variety of radiative transfer problems encountered in satellite remote sensing and atmospheric energy budget studies (Ricchiazzi et al. 1998 ). The program is based on a collection of highly developed and reliable physical models, which have been developed by the atmospheric science community over the past few decades. Here, we have used ocean albedo of 0.06 and land albedo of 0.2. It is interesting to note that the same type of aerosol (desert aerosol model described in Hess et al. 1998 ) behaves differently when present over different surface types. The relative Figure 1 . The effect of different surface types (ocean and land) on the albedo of the Earthatmosphere based on simulations using an OPAC desert aerosol model. It can be seen that the same type of aerosol behaves differently when superimposed over different surface types.
importance of scattering and absorption in satellite remote sensing is an important problem addressed by various investigators since the 1980s (Fraser and Kaufman 1985 , Kaufman 1987 , Kaufman et al. 1997 ). These studies have demonstrated that the effect of absorption is small over low reflecting surfaces, but is important over surfaces having large surface reflectance. Surface albedo is the ratio of upwelling to down-welling short wave radiative flux at the surface. Down-welling flux can be written as the sum of a direct component and a diffuse component. Black-sky albedo (directional hemispherical reflectance) is defined as albedo in the absence of a diffuse component and is a function of solar zenith angle. White-sky albedo (bi-hemispherical reflectance) is defined as albedo in the absence of a direct component when the diffuse component is isotropic. Blacksky albedo and white-sky albedo mark the extreme cases of completely direct and completely diffuse illumination (Strahler et al. 1999) . Actual albedo is a value, which is interpolated between these two as a function of the fraction of diffuse skylight, which itself is a function of the aerosol optical depth.
The MODIS BRDF/Albedo Product provides both the white-sky albedo and the black-sky albedo for MODIS bands 1-7 (470 nm, 555 nm, 659 nm, 858 nm, 1240 nm, 1640 nm, and 2100 nm), as well as for three broad bands (0.3-0.7 mm, 0.7-5.0 mm, and 0.3-5.0 mm). Since these albedo values retrieved from MODIS are purely properties of the surface and do not depend on the state of the atmosphere, Strahler et al. (1999) suggested that they can be used to provide true surface albedo as an input to regional and global climate models.
Using MODIS black-sky and white-sky albedo product, actual (blue-sky) albedo has been computed as:
where h z is the solar zenith angle, l is the wavelength of MODIS band, t a is aerosol optical depth, and SKYL is the fraction of diffused light (SKYL provided by NASA, along with MODIS data). The surface albedo thus estimated using equation (1) is shown in figure 2 for six narrow bands (470 nm, 555 nm, 659 nm, 858 nm, 1240 nm, and 2100 nm). Thus, we have obtained regional maps of land surface albedo derived from MODIS data. In order to study the impact of dust on albedo at TOA, we need to know the aerosol properties as well as the surface albedo. To reduce the number of independent variables that determine the albedo at TOA, we have derived functional relations (second order polynomials) between the TOA albedo and aerosol optical depth at several narrow surface albedo bands. If the surface albedo lies in a particular band, we have used the corresponding polynomial to estimate the TOA albedo. The change in albedo (or DA) is defined here as the difference between TOA albedo and surface albedo.
Here, DA includes the radiative effects of both aerosols and molecules. If the DA is positive, that means that aerosol back-scattering contributes to the TOA albedo, whereas if DA is negative, that means that aerosol absorption exceeds its scattering effects, which leads to a reduced albedo at TOA. In this case, TOA albedo becomes less than surface albedo. The functional relations between DA (at representative wavelength, 0.555 mm) and aerosol optical depth is shown in figure 3 . Coefficients of that over deserts, TOA albedo becomes less than that of surface albedo due to dust absorption (as much as 15% in near IR). The regional distribution of change in albedo is shown in figure 4 , and the zonal mean surface albedo and change in albedo are shown in figure 5 . To remove the molecular scattering effects, we have parameterized its contribution to TOA albedo (as a function of surface albedo) and corrected in figures 4 and 5. Thus, these figures represent only aerosol effects. It can be seen that over regions where surface reflection is high (such as the Sahara), DA is negative. Over deserts, as wavelength increases, surface reflection also increases, resulting in more absorption. The change in albedo as a function of wavelength is shown in figure 6 for cases of low reflecting and high reflecting surfaces. The low reflecting case corresponds to the equator (see figure 5) , and the high reflecting case corresponds to 20u N (see figure 5) . As wavelength increases, TOA albedo becomes lower than that of surface albedo when surface reflection is high. Thus, instead of contributing to TOA albedo, dust aerosols reduce the radiation reflected by the surface. Fraser and Kaufman (1985) defined a 'critical reflectance' for which the aerosol does not change the reflectance at the TOA. They demonstrated that for dark surface, the albedo will increase up to saturation for high aerosol optical depths and, as a function of surface reflectance, the albedo at TOA will increase first with optical depth and then decrease once 'critical surface reflectance' is exceeded. This, in conjunction with figure 6, indicates that by using the wavelength at which the TOA albedo becomes lower than surface albedo (which is a function of surface albedo, as can be seen from figure 6), we can infer absorption and size characteristics. 
Radiative forcing
The radiative forcing of aerosols strongly depends on the reflectivity of the underlying surface. The non-absorbing aerosols reflect sunlight and have a cooling effect that is greatest over low albedo surfaces and smallest for high albedo surfaces (Heintzenberg et al. 1997 , Satheesh 2002 . Light absorbing aerosols also scatter light and their net effect depends on the relative magnitudes of scattering and absorption (single scattering albedo), as well as albedo of the underlying surface. When the aerosol is of the absorbing type, aerosol optical depth and chemical composition are not the only determinant of aerosol effect on climate, as the type of underlying surface is equally important (Heintzenberg et al. 1997 , Satheesh 2002 . For a given aerosol optical depth, an aerosol layer over ocean has an entirely different climate effect compared to an aerosol layer over desert. These effects would be amplified in To examine the spatio-temporal features of aerosol radiative forcing over regions influenced by dust, we have considered three regions: (1) northern Africa (10u N20u N; 20u E-30u E); (2) Saudi Arabia (19u N-24u N; 53u E-58u E); and (3) southern Africa (10u S-20u S; 20u E-30u E). The monthly variation of aerosol optical depth and fine mode fraction at these three regions are shown in figure 7. Over northern Africa, optical depth is maximum (,0.6) during the June-August period and lower (0.3-0.6) during the rest of the year. The AFMF is, in general, low (,0.05), except during the June-August period, when AFMF shoot up to 0.4. Over southern Africa, optical depth is maximum (,0.5) during the September-October period, lower (,0.3) in December-March, and minimum (,0.1) during April-June. The AFMF is, in general, high throughout the year and minimum (,0.6) during the May-July period. Over Saudi Arabia, optical depths and AFMF showed opposite trends, which is typical of regions influenced heavily by dust. Optical depths as high as ,0.8 (AFMF ,0.3) were observed during June-July. The following can be inferred from the above discussion.
N North Africa and Saudi Arabia are influenced by dust throughout the year. N In South Africa, the influence of dust is only seasonal (May to July) and during the rest of the year, other aerosols (such as black carbon, as can be inferred from large AFMF) also play an important role.
For estimating the aerosol radiative forcing, we used a discrete ordinate radiative transfer mode. A brief description is given here and the details are available elsewhere (Ricchiazzi et al. 1998 . Discrete ordinate radiative transfer code (SBDART) is designed and developed by the University of California, Santa Barbara for the analysis of a wide variety of radiative transfer problems encountered in satellite remote sensing and atmospheric energy budget studies (Ricchiazzi et al. 1998 ). The discrete ordinate method provides a numerically stable Impact of dust aerosols on clear-sky albedoalgorithm to solve the equations of plane-parallel radiative transfer in a vertically inhomogeneous atmosphere. The aerosol properties described above were incorporated in a radiation model to estimate the radiative forcing (following the procedures described in earlier papers, such as Satheesh et al. 1999 , 2002 , Satheesh and Ramanathan 2000 , and so on). The single scattering albedos (SSAs) over the three regions were obtained from AERONET sites lying within each region considered here (Holben et al. 1998) . The AERONET radiometers measure sky radiance, and SSAs are estimated using angular measurements of sky radiance (Holben et al. 1998) . The SSAs thus estimated for the June-August period were 0.96, 0.87, and 0.89 for Saudi Arabia, southern Africa, and northern Africa, respectively. The corresponding values for the NovemberFebruary period were 0.91, 0.94, and 0.87. The surface albedo (from MODIS) within the regions considered here were in the range of 30-40% for northern Africa, 25-35% for Saudi Arabia, and 15-20% for southern Africa. Thus, we have incorporated SSAs derived from AERONET data, aerosol optical depth, and surface albedo, using data from a MODIS instrument, into a SBDART radiation model to estimate radiative forcing. The monthly variation of aerosol radiation forcing (at TOA) is shown in figure 8 . The radiative forcing over northern Africa and Saudi Arabia was in the range of + 2 to + 4 W m 22 , whereas that estimated over southern Africa was in the range of 21 to + 2 W m 22 . While TOA forcing was nearly zero (due to large surface reflectance), the radiative forcing at the surface was large. The radiative forcing at the surface over northern and southern Africa was in the range of 215 to 245 W m 22 , whereas that estimated over Saudi Arabia was in the range of 230 to 270 W m 22 . Net atmospheric forcing indicates the amount of radiative flux absorbed by the atmosphere due to the presence of aerosols. The difference between TOA and surface forcing gives atmospheric forcing. This energy is converted into heat. The resulting atmospheric heating rate can be calculated (Liou 1980 , Quijano et al. 2000b LT Lt~g c p DF DP ð3Þ where LT Lt is the heating rate (s 21 ), g is the acceleration due to gravity, C p the specific heat capacity of air at constant pressure (,1006 J kg 21 K 21 ), and P is the atmospheric pressure, respectively. The atmospheric absorption estimated for northern and southern Africa thus translates into an atmospheric heating rate of ,0.4 to ,1.2 K day 21 , when a value of 300 hPa is considered for DP. The atmospheric absorption estimated for Saudi Arabia was in the range of ,0.8 to ,2.2 K day 21 . We have used 300 hPa for DP in equation (3) since a major fraction of aerosols are concentrated in the lower level and contribute to atmospheric heating (Quijano et al. 2000a ,b, Lubin et al. 2002 . Above a few kilometres, aerosol concentration is much lower than that near the surface. Quijano et al. (2000b) have discussed several scenarios with dust layers up to 3 and 4 km, which corresponds to ,700 and ,610 hPa, respectively. Since we do not have measurements about the vertical distribution of the dust, we briefly discuss the uncertainty in the vertical distribution based on previous reports. For example, the value of 300 hPa with an uncertainty of 90 hPa (which means 390 hPa instead of 300 hPa) corresponds to layer heights of 3000 m with an uncertainty of ,1000 m. Consequently, the uncertainty in heating rates can be as much as 25% (Quijano et al. 2000b) .
Next, we compare the regional dust forcing with global mean dust forcing reported earlier. Liao and Seinfeld (1998) examined radiative forcing by mineral dust aerosols in short wave and long wave regions using a one-dimensional column radiation model. They estimated clear sky TOA radiative forcing as 22 W m 22 at low surface reflection (,0.1) and + 2 W m 22 at high surface reflection (,0.5). Under cloudy skies, these values are in the range of + 2 W m 22 to + 3 W m 22 . They also observed that, unlike scattering aerosols such as sea salt, dust radiative forcing depends on the surface reflection, the altitude at which the dust layer is located, and the relative altitude from the cloud layer. These results are consistent with Tegen and Lacis (1996) and Tegen et al. (1997) . Haywood et al. (1999) have estimated clear sky radiative forcing due to natural dust as 20.58 W m 22 . Using an aerosol transport model coupled with a GCM, Takemura et al. (2002) estimated radiative forcing due to various aerosol species. The global mean radiative forcing due to dust radiative forcing was + 0.26 W m 22 under clear sky conditions. Thus, it can be seen that magnitude (and even sign) of dust radiative forcing is uncertain due to the lack of information on regional distribution of dust optical properties. Comprehensive observations (both ground-based as well as satellite-based) are needed to address the climate forcing due to these important atmospheric constituents (dust). Quijano et al. (2000a,b) have studied the importance of the vertical distribution of dust for calculations of dust radiative heating rates in great detail. They have also discussed the role of clouds in augmenting the radiative forcing by dust. These studies have shown that increasing dust loading results in increasing both solar heating rates and infrared cooling rates. The magnitude of the Saharan dust heating rates was 25% larger than that of Afghan dust. For a diurnal average, Quijano et al. (2000b) have demonstrated that a change of sign of the TOA radiative forcing from negative to positive due to change in mineralogical composition. They have estimated the TOA dust radiative forcing over desert for solar and IR regions (for m50.8 and t dust 51.0) as in the range of 50-55 W m 22 and 10-20 W m 22 , respectively. Note that while these values are instantaneous, the values reported in this paper are diurnally averaged.
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Summary and conclusions
N Satellite-measured regional dust distribution has been used to examine the effect of dust aerosols on TOA albedo and it was found they have significant impact, especially over deserts where surface reflection is high.
N With increasing dust aerosol load, TOA albedo was found to decrease significantly.
N It was observed that over deserts, TOA albedo becomes less than that of surface albedo due to dust absorption, even in the visible region (as much as 15% in near IR).
N The temporal variations of aerosol properties were examined at three representative locations: northern Africa; southern Africa; and Saudi Arabia. It was observed that northern Africa and Saudi Arabia are influenced by dust throughout the year. In southern Africa, the influence of dust is only seasonal (May to July) and during the rest of the year, other aerosols (such as black carbon, as can be inferred from large AFMF) also play an important role.
N The radiative forcing over northern Africa and Saudi Arabia was in the range of + 2 to + 4 W m 22 , whereas that estimated over southern Africa was in the range of 21 to + 2 W m 22 .
N The radiative forcing at the surface over northern and southern Africa was in the range of 215 to 245 W m 22 , whereas that over Saudi Arabia was in the range of 230 to 270 W m 22 .
N The atmospheric absorption estimated for northern and southern Africa thus translates into an atmospheric heating rate of 0.4 to 1.2 K day 21 . The atmospheric absorption estimated for Saudi Arabia was in the range of 0.8 to 2.2 K day 21 .
N Comprehensive observations (both ground-based as well as satellite-based) are needed to address climate forcing due to these important atmospheric constituents (dust).
